Background/Aims: Ultraviolet B (UVB) damage is the most essential etiological factor in skin carcinogenesis, and apoptosis leads to the efficient elimination of UVB-damaged cells. However, the mechanisms underlying resistance to UVB-induced apoptosis remain unclear. Methods: HaCaT and A431 cells were used in the present study. Quantitative real-time PCR, single cell PCR, and western blotting were used to examine cancer-related gene expression at the mRNA and protein levels. Results: We report that miR-26a, which is upregulated upon UVB irradiation, promotes UVB-induced apoptosis in HaCaT cells by targeting the histone methyltransferase EZH2. Moreover, the UVB/miR-26a/EZH2 regulatory axis largely depends on the MYC expression level. Interestingly, treatment with EZH2 inhibitors significantly enhanced UVB-induced apoptosis. Conclusion: miR-26a/EZH2 might be potential targets for skin cancer prevention and therapy.
Introduction
Ultraviolet (UV) radiation causes DNA damage and apoptosis, and can lead to skin carcinogenesis, aging, hyperplasia, and immune tolerance [1, 2] . Skin cancer is the most commonly occurring cancer, with increasing morbidity in light-skinned individuals [3] , and ultraviolet B (UVB, 280-320 nm) radiation is a major environmental factor for human non-melanoma skin carcinogenesis [4] . Although the pathophysiology of skin cancer is multifactoral for the difference of moisture content, smoothness, elasticity, and thickness of epidermis [5] , the mechanism of skin carcinogenesis has been fully investigated.
DNA is the main target of UVB, which causes somatic mutations and aberrant expression of tumor suppressors and oncogenes [6] . For instance, UVB-induced p53 mutations have been found in over 90% of human skin cancers, and abnormal p53 activity is a major factor Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry in skin cancer onset and progression [7] . Apoptosis, or programmed cell death, is the main cellular response to UV radiation. It has been proposed that failure to repair damaged DNA or eliminate damaged cells by apoptosis, which leads to the replication of damaged DNA and proliferation of damaged cells, is the main cause of skin carcinogenesis [8] . The tumor suppressor p53 acts as a proofreading factor to eliminate rather than repair severely damaged cells through apoptotic pathways [7] . Cells that escape this proofreading generate skin cancer cells, but the underlying mechanism remains unclear. MicroRNAs (miRNAs) are endogenous noncoding RNAs that regulate many cellular processes by targeting specific proteins for degradation. They are pivotal for sensing environmental stresses, such as UV radiation [9] [10] [11] . Previously, we identified dozens of miRNAs that are transcriptionally altered in response to UVA irradiation [12] , and found that miR-23a, miR-1246, and miR-141 have roles in UV-induced apoptosis and aging [13] [14] [15] . miR-26a is a well-established tumor suppressor that targets multiple oncoproteins, such as CDC6, HMGA1, FGF9, and AKT [16] [17] [18] [19] . However, it remains unknown whether miR-26a is involved in UVB-induced apoptosis and skin tumorigenesis.
Here, we assessed the effect of UVB irradiation on miR-26a expression in HaCaT and A431 cells, and found that miR-26a was strongly induced by UVB stimulation, in parallel with apoptosis. EZH2 was identified as a MYC-dependent miR-26a target involved in UVBinduced apoptosis. EZH2 inhibition enhanced UVB-stimulated apoptosis, suggesting that EZH2 may be a promising target for the prevention and treatment of skin cancer.
Materials and Methods

Cell culture and UVB irradiation
HaCaT and A431 keratinocyte cell lines were purchased from American Type Culture Collection (ATCC) and cultured in standard medium conditions as recommended. UVB irradiation was conducted as previously described [14] .
RNA isolation and quantitative real-time PCR
The TRI Reagent Kit (Ambion, USA) was used to isolate total RNA, according to the manufacturer's instructions. Expression of miR-26a was analyzed using the TaqMan MicroRNA Reverse Transcription Kit and SYBR Green Real-time PCR Master Mix (Toyobo, Japan). The relative expression level of miR-26a was normalized to that of an endogenous control (U6). For detection of gene expression, reverse transcription was performed using SuperScript III (Invitrogen, USA), and SYBR Green real-time PCR master mix (Toyobo, Japan) was used for real-time PCR analysis. Relative gene expression levels were normalized to GAPDH. The primer sequences used were as follows: miR-26a forward: 5′-CTGTCAACGATACGCTAC-3′ miR-26a reverse: 5′-GTAATCCAGGATAGGCTG-3′ EZH2 forward: 5′-TACTTGTGGAGCCGCTGAC-3′ EZH2 reverse: 5′-CTGCCACGTCAGATGGTG-3′ MYC forward: 5′-AATGAAAAGGCCCCCAAGGTAGTTATCC-3′ MYC reverse: 5′-GTCGTTTCCGCAACAAGTCCTCTTC-3′ CDK4 forward: 5′-GGGGACCTAGAGCAACTTACT-3′ CDK4 reverse: 5′-CAGCGCAGTCCTTCCAAAT-3′ CDK6 forward: 5′-GCTGACCAGCAGTACGAATG-3′ CDK6 reverse: 5′-GCACACATCAAACAACCTGACC-3′ p21 forward: 5′-GAGGCCGGGATGAGTTGGGAGGAG-3′ p21 reverse: 5′-CAGCCGGCGTTTGGAGTGGTAGAA-3′ BAX forward: 5′-CCCGAGAGGTCTTTTTCCGAG-3′ BAX reverse: 5′-CCAGCCCATGATGGTTCTGAT-3′ BCL2 forward: 5′-GGTGGGGTCATGTGTGTGG-3′ BCL2 reverse: 5′-CGGTTCAGGTACTCAGTCATCC-3′ U6 forward: 5′-TGCGGGTGCTCGCTTCGGCAGC-3′ 
Apoptosis assays
The proportion of apoptotic cells upon UVB treatment was detected at indicated time points using an EPICS Elite ESP Flow Cytometer (Beckman-Coulter, USA), as previously reported [14] .
Western blot analysis
Protein samples were prepared and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separation as previously reported [15] . Anti-EZH2 (1:1000, BD Bioscience) and anti-GAPDH (1:4000, Santa Cruz Biotechnology, USA) primary antibodies were used with horseradish peroxidase (HRP)-conjugated secondary antibody (1:7000, Sigma). The blots were developed using an enhanced chemiluminescence kit (Pierce, USA).
Luciferase assay
The 3′-untranslated region (3′-UTR) of human EZH2 was amplified from genomic DNA and cloned into an miRNA luciferase reporter vector, as previously reported [15] . The luciferase reporter construct pRL-TK was co-transfected with RNA oligonucleotides or expression vectors into HaCaT cells for 48 h, after which luciferase reporter activity was determined using a dual luciferase reporter assay system (Promega, USA).
Cell transfection
Cells were transfected with expression plasmids or RNA oligonucleotides using Lipofectamine 3000 (Invitrogen, USA) following the manufacturer's protocol. Briefly, plasmids were mixed with equal amounts of P3000 and Lipofectamine 3000 in Opti-MEM (Gibco) and incubated in culture medium at room temperature for 10 min. Cells were harvested for analysis 48 h after transfection.
Single cell PCR
HaCaT cells treated with UVB were trypsinized to isolate single cells, which were randomly selected for single cell reverse transcription using the Smart-seq2 method, as described previously [20] .
Data analysis
All presented results (mean ± SD) were repeated independently at least three times, and data were analyzed statistically with the Student's t-test. p<0.05 was considered statistically significant.
Results
UVB-induced apoptosis is promoted by miR-26a in HaCaT cells
Several reports have demonstrated roles for miR-26a in various cancers [16] [17] [18] [19] , but the relationship between miR-26a and UVB-induced apoptosis remains unclear. To test for changes in miR-26a expression in response to UVB-induced apoptosis, HaCaT cells were exposed to UVB irradiation in a time-dependent manner. As expected, apoptosis increased in HaCaT cells upon UVB irradiation, with approximately 26% apoptotic cells after 48 h exposure (Fig. 1A) . The expression of miR-26a, relative to U6, gradually increased after UVB irradiation (Fig. 1B) , along with increased expression of the pro-apoptotic gene BAK (Fig.  1C) . This indicates that miR-26a might be positively correlated with UVB-induced apoptosis.
To test this hypothesis, HaCaT cells were transfected with a miR-26a mimic, resulting in significant overexpression of miR-26a (Fig. 1D) . Control or miR-26a-overexpressed cells were subjected to UVB irradiation for 24 h and apoptosis was examined. Notably, miR-26a overexpression strongly promoted apoptosis in the presence or absence of UVB irradiation (Fig. 1E) . Consistently, miR-26a overexpression increased the expression of the pro-apoptotic proteins BAK and BAX, while expression of the anti-apoptotic protein BCL2 was decreased (Fig. 1F) . To determine whether miR-26a was necessary for UVB-stimulated apoptosis, an
miR-26a inhibitor was used to decrease its expression in HaCaT cells (Fig. 1G) . After UVB irradiation for 48 h, the apoptotic proportion of the miR-26a-depleted cells was half that in control group (Fig. 1H) . Correspondingly, expression of BAK and BAX was decreased, while the expression of BCL2 was increased by miR-26a depletion upon UVB irradiation (Fig. 1I) . Taken together, these results demonstrate that miR-26a positively regulates UVB-elicited apoptosis, suggesting that miR-26a is important for the elimination of UVB-damaged cells.
EZH2 is a direct target of miR-26a in UVB-induced apoptosis
Numerous studies have shown that miR-26a inhibits cell growth and tumorigenesis by targeting EZH2 [19, [21] [22] [23] [24] . To test whether EZH2 was a direct target of miR-26a in UVBinduced apoptosis, we constructed wild type (WT) and mutant 3′-UTRs of human EZH2 ( Fig.  2A) into miRNA reporters, and these plasmids were co-transfected with miR-26a mimic for 
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Cellular Physiology and Biochemistry luciferase assays. As expected, miR-26a remarkably decreased WT but not mutant EZH2 3′-UTR activity (Fig. 2B) . Next, miR-26a mimic or inhibitor was transfected into HaCaT cells for determination of the EZH2 mRNA and protein expression. As shown in Fig. 2C , for both mRNA and protein, the miR-26a mimic decreased the expression of EZH2, while the miR-26a inhibitor upregulated EZH2 expression. To examine the correlation between EZH2 and UVB irradiation, EZH2 expression was observed during a time course of UVB treatment. In contrast to miR-26a (Fig. 1B) , EZH2 expression was decreased by UVB irradiation in a time-dependent manner (Fig. 2D) . When miR-26a expression was knocked down, EZH2 mRNA and proteins levels were significantly upregulated with or without UVB treatment (Fig. 2E) . Considering the negative correlation between miR-26a and EZH2, miR-26a depletion may release its inhibitory effect on EZH2, which may possess an opposing role in UVB-induced apoptosis. As shown in Fig. 2F , EZH2 
Induction of miR-26a by UVB depends on MYC repression
It has been proposed that MYC-driven miRNA alterations contribute to tumorigenesis [25] . We compared the gene expression patterns of HaCaT cells, which are immortalized keratinocytes, with those of A431 epidermoid carcinoma cells. Interestingly, MYC and EZH2 were highly expressed in A431 cells, while miR-26a was highly expressed in HaCaT cells (Fig. 3A) . We also examined the effects of UVB-induced apoptosis in A431 and HaCaT cells, and observed a much lower percentage of apoptosis in A431 cells (Fig. 3B) . This indicates that MYC expression might be negatively associated with UVB/miR-26a-induced apoptosis. To test this notion, we depleted MYC in A431 and HaCaT cells, using a specific short hairpin 
EZH2 inhibition enhances UVB-induced apoptosis
To confirm the observed changes in EZH2 expression in response to UVB treatment, immunostaining with an anti-EZH2 antibody was conducted in HaCaT cells. In control cells without UVB irradiation, approximately 60% of cells were EZH2-positive. However, after UVB irradiation for 48 h, the proportion of EZH2-positive cells was significantly decreased, to approximately 9% (Fig. 4A and 4B) .
Our results suggest that co-expression of EZH2 and MYC may allow cells to escape apoptosis after UVB irradiation. To examine this possibility, we used single cell PCR, which has been widely used to study the heterogeneity of cancer cells and other populations [26] . UVB-irradiated HaCaT cells were trypsinized into single cells and 20 cells were randomly selected for single cell reverse transcription using the Smart-seq2 method [20] . Two cells showed relatively higher expression of EZH2, and these cells had higher expression of MYC and lower expression of miR-26a (Fig. 4C) , indicating that upregulation of miR-26a upon UVB irradiation might be blocked by MYC. We next asked whether inhibition of EZH2 might be helpful to eliminate UVB-damaged cells. We treated HaCaT cells with 1 μM DZNep, an inhibitor of EZH2 histone methyltransferase activity, and found that DZNep significantly enhanced the ability of UVB to induce cell apoptosis (Fig. 4D) . Moreover, DZNep treatment promoted the expression of BAK, BAX, CDK4, and CDK6, while inhibiting the expression of BCL2 and p21 (Fig. 4E) . Collectively, these data suggest that inhibition of EZH2 activity in UVB-treated cells could help to eliminate UVB-damaged cells with higher expression of MYC. The expression of cell cycle-related genes was also affected by DZNep, indicating that the MYC/miR-26a/EZH2 regulatory axis might also be involved in cell cycle regulation.
Discussion
The regulation of gene expression by miRNAs plays important roles in skin development and carcinogenesis [27] . It has been proposed that miR-26a inhibits proliferation and migration of HaCaT keratinocytes by targeting PTEN [19] . In this study, for the first time, we demonstrate that miR-26a mediates UVB-induced apoptosis, targeting the histone methyltransferase EZH2 in a MYC-dependent manner.
Our results suggest a role for miR-26a, which is upregulated by UVB irradiation, in the elimination of UVB-damaged cells, avoiding proliferation and, potentially, the development of skin cancer. This suggests that miR-26a may act as a tumor suppressor in UVB-triggered skin carcinogenesis.
Reports suggest that miR-26a suppresses the proliferation of keratinocytes, yet promotes the proliferation of vascular smooth muscle cells and ovarian cancer cells, demonstrating the complexity of miR-26a, which functions in different biological processes through different targets [19, [28] [29] [30] . In the present study, we identified EZH2 as a direct target of miR-26a in UVB-induced apoptosis, and found that it antagonized miR-26a-induced apoptosis upon UVB irradiation (Fig. 2) . We postulate that suppression of EZH2 by miR-26a is necessary for the elimination of UVB-damaged cells.
By comparing gene expression patterns in HaCaT keratinocytes and A431 epidermoid carcinoma cells, we found that MYC and EZH2 had higher expression in A431 carcinoma cells (Fig. 3A) . It has been proposed that MYC could repress miR-26a expression to stimulate EZH2 transcription [22] . Our findings are consistent with this, and suggest that MYC acts upstream of miR-26a/EZH2, and that high MYC expression may protect A431 cells from UVB-induced apoptosis.
Importantly, blocking EZH2 activity with DZNep enhanced UVB-elicited apoptosis (Fig.  4) , demonstrating that inhibition of EZH2 could bypass the failure to eliminate these UVBirradiated cells. With high MYC expression, the efficiency of miR-26a to target EZH2 and induce apoptosis in response to UVB radiation was restricted, allowing these damaged cells to evade apoptosis. The perturbation of apoptotic responses to UVB has important clinical implications for skin carcinogenesis.
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